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ABSTRACT

Aim The rate of climate change might exceed the migration capacity of plants,

particularly where habitats became fragmented by human land use. Except for

some tree species, the extent to which habitat fragmentation decreases migra-

tion rates has nevertheless been little evaluated. Here, we compare simulated

migration rates of understorey herbs, which comprise the big part of temperate

forest plant diversity, under varying levels of fragmentation at a continental

scale.

Location Europe.

Methods We combined simulations of demography and seed dispersal to sim-

ulate migration of 16 hypothetical forest herb species through a virtual, contin-

uously forested landscape of 50 9 50 km and through 1179 50 9 50 km

regions spanning most of the European Union’s territory plus Norway and

Switzerland. Each region was subdivided into a 250-m raster of sites, which

were rated as suitable to a species if covered by forest according to current land

cover maps and future land cover scenarios. The 16 hypothetical species were

defined by combinations of those trait values that control demographic and

dispersal processes.

Results In continuous forests, simulated migration rates of the 16 species var-

ied between ~95 and ~225 m/y. Current forest fragmentation was predicted to

reduce migration rates to about 70% on average across the continent, but to

below 25% in many parts of western and southern Europe. Under future land

use, migration rates might slightly increase in economically marginal regions.

Main conclusions Our results indicate that even on a continuously forested

continent most understorey herbs would be unable to track climate warming

and that habitat fragmentation will reduce migration rates to values an order

of magnitude lower than expected climate velocities in parts of Europe. We

conclude that, instead of concentrating conservation efforts in protected areas,

facilitating the movement of species through the average countryside should

become a conservation priority.
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INTRODUCTION

The adaptation of geographical ranges is assumed to repre-

sent the prevalent response of biota to a warming climate

(Parmesan, 2006; Moritz & Agudo, 2013). Indeed, many spe-

cies have already shifted their geographical distribution in

response to the climatic change of the recent decades

(Parmesan & Yohe, 2003; Lenoir et al., 2008; Chen et al.,

2011). However, the pace of such range shifts often appears

to lag behind the shift in climate conditions (Bertrand et al.,

2011; Devictor et al., 2012). The inability of species to keep

track with the moving climate may not only threaten their

local, regional or even global survival but could also affect

the structure and functioning of communities and ecosys-

tems (Corlett & Westcott, 2013; Svenning & Sandel, 2013).

Nevertheless, the majority of models that try to predict spe-

cies’ range responses to climate warming hardly account for

transient dynamics and the possible lag times resulting from

delayed migration processes (Thuiller et al., 2008; Dormann

et al., 2012).

Vascular plants are among the taxa for which marked lag

times in climate-induced range shifts are indicated by strong

imprints of post-glacial dispersal limitation still detectable in

current species ranges (e.g. Svenning & Skov, 2007; Svenning

et al., 2008; Willner et al., 2009; Dullinger et al., 2012b), as

well as by data that document inertia of species distributions

against recent climatic trends (Bertrand et al., 2011). How-

ever, empirical evidence for lagged plant migration is far

from clear-cut and a recent meta-analysis has put forward

the controversial conclusion that climate-induced range shifts

of species observed during the last few decades do not con-

sistently lag behind climate warming (Chen et al., 2011;

Lenoir & Svenning, 2014).

Besides species-specific traits (Harsch et al., 2014), land-

scape features, and in particular habitat fragmentation, may

represent a major source of the apparent variability in

migration rates. Habitat fragmentation is well known as a

potential obstacle to species’ migration (Collingham &

Huntley, 2000; Higgins et al., 2003; Meier et al., 2012) and

human land use has transformed large parts of the global

land surface (Foley et al., 2005) and thus greatly reduced

the spatial coherence of suitable habitats for many species.

In Europe, for example, forests represent the predominant

natural vegetation from Mediterranean to temperate and

boreal biomes (Bohn et al., 2000–2003) but a long history

of agricultural use has fragmented the forest cover to a var-

ied degree in different parts of the continent. Actually,

lagged responses of European forest plant communities to

the warming of the past decades have been hypothesized to

be a fragmentation effect (Bertrand et al., 2011). However,

the magnitude by which human reduction of natural forest

cover may constrain possible plant migration rates has

rarely yet been quantified at larger spatial scales and the

few studies we are aware of exclusively focus on trees (Iver-

son et al., 2004; Nathan et al. 2011; Meier et al., 2012;

Prasad et al., 2013) although up to 90% of forest plant

diversity is contained in the herb layer, at least in temper-

ate forests (Gilliam, 2007). The results achieved for trees

might not be simply transferable to herbs as these two spe-

cies groups differ in several respects relevant to dispersal

and migration such as maturation times or seed-release

height, an attribute important for wind dispersal distances

(e.g. Katul et al., 2005). Hence, the fate of understorey spe-

cies is of obvious relevance for future forest biodiversity,

but little effort has so far been made to simulate their pos-

sible climate-driven range dynamics through fragmented

landscapes.

In this study, we use a spatially and temporally explicit

spread model (Dullinger et al., 2012a) to estimate the possi-

ble rate at which European forest understorey herbs might

shift their ranges under assumed unfragmented conditions as

opposed to current real, fragmented forest patterns and their

projected future changes. We apply the model to the area

covered by the land use scenarios developed during the

European Union’s ALARM project (Settele et al., 2005) and

thereby address the following objectives: (a) to assess the

range of possible migration rates of European understorey

herbs under optimal conditions, that is in homogeneous,

unfragmented and environmentally well-suited landscapes,

and to compare it to recent estimates of expected climate

velocity (Loarie et al., 2009); (b) to evaluate the extent by

which current forest fragmentation reduces possible migra-

tion rates of understorey herbs in different parts of Europe;

and (c) to explore how scenarios of future land use compare

to the current situation in terms of permeability for forest

understorey plants.

METHODS

We simulate plant migration by a spatially and temporarily

explicit model (CATS, Cellular Automaton Type model for

simulating plant Spread, Dullinger et al., 2012a; Lehsten

et al., 2014; Meier et al., 2014) which combines simulations

of local plant demography at each particular site with simu-

lations of wind, exo- and endozoochorous dispersal processes

across sites. In this application, individual sites have a size of

250 9 250 m. For reasons of computational feasibility as

well as for assessing the effect of regional forest cover on

migration rate, simulations are not performed for the entire

study area simultaneously, but separately for each cell (=re-
gion) of a 50 9 50 km raster covering the whole study area.

To adequately represent the relatively large pool of European

forest understorey plants, we do not simulate the spread of

real, but of hypothetical species or ‘functional types’. These

hypothetical species are defined such that they should cover

the trait space realized by the overall species pool, that is we

combined contrasting demographic and dispersal traits of

several real species to 16 different trait sets (=hypothetical
species) that should represent the gradient from mainly clon-

ally growing and relatively immobile to predominantly sexu-

ally reproducing and highly mobile species. We then evaluate

how fragmentation rates as well as demographic and
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dispersal traits affect the achievable migration rates and map

these rates onto the current and predicted future forest cover

of Europe.

Local demography

CATS combines site-wise simulations of local population

dynamics with the dispersal of seeds produced at each

occupied site. Local populations are represented by stage

(seeds, juveniles, adults)-structured cohorts and their tem-

poral dynamics are driven by vital rates that control the

transition or stasis among or within these stages, namely

germination, seed bank persistence, juvenile survival, matu-

ration, fecundity, clonal growth and adult survival (cf.

Table 1). These rates can be modified according to mea-

sures of site suitability (Dullinger et al., 2012a). Here, suit-

ability variation was reduced to a binary layer, that is all

forest sites were assumed to offer optimal conditions

(=rates at species-specific maximum values) while non-for-

est sites were assumed to be completely unsuitable (i.e. all

rates at zero values). We emphasize that these assumptions

are realistic for non-forest sites as typical understorey spe-

cies rarely occur outside forests. By contrast, they are highly

optimistic for forest sites as forests might differ consider-

ably in climatic and non-climatic abiotic conditions as well

as in tree species composition and hence in both abiotic

and biotic suitability to a particular understorey herb spe-

cies (Ellenberg, 2009).

Although transition rates among life cycle stages were

hence assumed to be constant in space and time for a given

species, density dependence was accounted for when calculat-

ing site-specific germination, juvenile survival and clonal

growth rates by computing

rates;i;t ¼ maxratesðCs;i;t � Ns;i;tÞ � C�1
s;i;t ; (1)

that is the respective rate of species s at site i and time t is

the rate given in Table 1 at newly colonized sites, but is suc-

cessively reduced towards zero when the number of adult

individuals N in the local population approaches carrying

capacity C.

Seed dispersal

At the end of each year, the adult population of each occu-

pied site produces a seed yield that is subsequently dis-

tributed via mechanistically based wind, exo- and

endozoochorous dispersal kernels. Means and quantiles of

these kernels are provided in Table 2. For the wind kernel,

we used the analytical WALD model (Katul et al., 2005),

which provides an inverse Gaussian probability density of

dispersal distances depending on the seeds’ release height

and terminal velocity and on wind speed. Wind speed data

were derived from a 9-year (2000–2008) series of average

wind speeds of 10-min intervals measured during the seed-

shedding seasons (July–December) at an average weather

station of the Austrian lowlands (Retz Windm€uhle, 15°560350

E, 48°45043″ N, 320 m asl.). Wind speeds were corrected,

first, from measurement height (10 m) to the canopy top

assuming a logarithmic wind profile, and, second, from the

canopy top to seed release height assuming an exponential

decrease within the forest canopy (e.g. Nathan et al., 2002).

The canopy top was set to 30 m, a common canopy height

value in European forests. Necessary parameter values

describing exponential wind speed decrease (a = 0.1) and

flow turbulence within the canopy (r² = 0.0075 m) were

chosen such that kernel width was maximized and hence

eventual conclusions on migration lags become conservative.

Geographical and topographical variation in wind speed dis-

tribution patterns were not accounted for to keep model

complexity at a feasible level. A detailed description of

WALD kernel calculation is given in Appendix S2.

Animal dispersal kernels were modelled by combining

simulations of animal vector movements with estimates of

seed detachment and gut survival rates. In European forests,

seeds of understorey herbs can potentially be dispersed over

larger distances by several different species of wider ranging

game such as red deer, roe deer, wild boar or moose (e.g.

Schmidt et al., 2004; Von Oheimb et al., 2005; Eycott et al.,

2007). Range sizes and movement patterns of these poten-

tial dispersal vectors vary considerably but for most of

them daily movement patterns are within 1 km distance

(Frair et al., 2005; Said et al., 2005; Luccarini et al., 2006),

while occasional movements (e.g. shifts between summer

and winter ranges) can be much longer (up to 10–15 km,

cf. Luccarini et al., 2006). We hence simulated 10,000

stage-structured correlated random walks (Morales et al.,

2004) of a ‘general large mammalian seed dispersal vector’

of which 99% were bounded within a range of approxi-

mately 1 9 1 km, and 1% within a range of approximately

10 9 10 km, respectively (see Fig. S3 for an example). We

assumed these random walks to extend over 3 days, where

animals are resting (inactive, not moving) for 16 hours and

are active and moving for 8 hours per day. Each walk is a

series of single steps. Spatial extents of movement patterns

were varied by modifying the parameters that determine

single-step duration (1 9 1 km: 1 min, 10 9 10 km:

5 min), turning angles during movement (1 9 1 km: ran-

dom draw from a von Mises distribution with l = 0 and

j = 1; 10 9 10 km: random draw from a von Mises distri-

bution with l = 0 and j = 5) and movement velocities

(1 9 1 km: random draw from a gamma distribution with

shape = 2 and rate = 1 m/s, bounded between 0 and

0.5 m/s; 10 9 10 km from a gamma distribution with

shape = 0.5 and rate = 1 m/s, bounded between 0 and

2 m/s). During the simulated random walks, we assumed

that seeds were attached to the animal at a random starting

location and detached following species-specific detachment

rates. These detachment rates were modelled as dependent

on the species’ seed mass and seed surface structure accord-

ing to a regression equation published by R€omermann et al.

(2005). As R€omermann et al. (2005) have published
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separate functions for sheep and cattle furs, but none for

other animals, we calculated attachment potential to both

types of furs and took the average in our calculations. Dis-

persal kernels were finally computed as empirical probabil-

ity densities of the distances between the recorded

attachment and detachment locations in each of 10,000 ran-

dom walks per plant species (cf. Fig. S4).

Endozoochorous dispersal kernels were constructed in the

same way as exozoochorous ones assuming that gut passage

times (the time between seed uptake and defecation) follow

a normal probability density function with a mean of

30 hours and a standard deviation of 5 hours. These param-

eter values are intermediate between the values reported for

roe deer (Pakeman, 2001) and red deer (Illius & Gordon,

Table 1 Demographic and dispersal traits used to define the 16 hypothetical forest understorey species. Demography A and B represent

strongly clonally growing, small and often abundant vs. moderately clonally growing, taller and less frequent species, respectively.

Dispersal parameters define species with high or low dispersal capacities with respect to these three dispersal pathways.

Demography A B

Age of maturity1 3–5 3–5

Maximum age2 100 100

Seed persistence3 1 1

Carrying capacity4 750,000 37,500

Clonal growth rate5 16 7

Flower frequency6 0.25 0.5

Juvenile survival7 0.49 0.49

Seed yield8 30 100

Germination rate9 0.1 0.25

High Low

Wind dispersal

Terminal velocity10 0.14 4.1

Seed release height11 0.8 0.1

Exozoochorous dispersal

Attachment potential12 72 14

Endozoochorous dispersal

Gut survival probability13 49.6 0.29

1Age of maturity (minimum–maximum years); set to 3–5 years, because the vast majority of forest understorey species is classified as perennial

with a maximum age to maturity of 5 years in the LEDA traits database (Kleyer et al., 2008).
2Maximum age of genets (years); set to 100 for all hypothetical species because the vast majority of forest understorey species are perennial, clonal

herbs according to the LEDA traits database (Kleyer et al., 2008).
3Persistence of seeds in the soil seed bank; assessed as transient for all hypothetical species because available data on seed dimensions indicate that

40 of 46 forest understorey herbs in the LEDA traits database (Kleyer et al., 2008) actually have transient seeds according to the formula in

Thompson et al. (1993).
4Carrying capacity (number of shoots); was estimated as the number of shoots per m² (12 and 240 m² for hypothetical species with local demog-

raphy types A and B, respectively) * grid cell size (=62,500 m²) * maximum cover (estimated as 5%, based on common cover abundance values

of understorey herbs in syntaxonomical relev�es, for example Ellenberg (2009).
5Clonal growth rates, that is number of offspring shoots per parent shoot as classified in the CLO-PLA database (Klimesova & de Bello, 2009).

Values represent intermediate values of the two highest classes in CLO-PLA (10–20 shoots and 2–10 shoots per year, respectively).
6Flowering frequency (proportion of individuals/shoots flowering per year); own estimates based on own data from 30 herbaceous Austrian

mountain plant species; assumed to trade off with clonal growth rate.
7Juvenile survival (proportion of individuals surviving from one year to the next); own estimates set such that the probability that a seed will

establish and survive until the reproductive (adult) stage without density-dependent effects is about 2.5% (see Dullinger et al., 2012a).
8Seed yield (number of seeds produced per flowering individual/shoot); estimates derived from entries for various forest species in the LEDA

traits database (Kleyer et al., 2008); assumed to trade off with clonal growth rate.
9Germination rates (proportion of germinating seeds); estimates derived from data for various forest species in Baskin & Baskin (2014).
10Terminal velocity (m/s); averages of the values in the LEDA traits database (Kleyer et al., 2008) for representatives of the demographic types A

(Epilobium montanum L., 0.14) and B (Asarum europaeum L., 4.1).
11Seed-release height (m); taken from Fischer et al. (2008) for the model species E. montanum (0.8) and A. europaeum (0.1).
12Percentage of seeds remaining in animal fur after one hour (%), assumed to be equal to the mean of attachment rates to sheep and cattle fur

as calculated from the seed mass and surface structure by the regression equations in R€omermann et al. (2005). Seed mass data were taken from

the LEDA traits database (Kleyer et al., 2008) and seed surface structure was classified from own samples of seeds of H. niger and N. nidus-avis.
13Probability to survive the gut passage of a large mammal (fallow deer) as calculated from the seed mass by the regression equation in Moussie

(2004); seed mass data are for Neottia nidus-avis (L.) Rich. and Helleborus niger L. and were taken from the LEDA traits database (Kleyer et al., 2008).
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1992) and were considered constant across all plant species.

The resulting empirical dispersal distance distribution was

then weighted by the species-specific gut survival probabili-

ties, which were calculated from seed weights based on a

regression equation parameterized by Moussie (2004).

Virtually no information about the relative contribution of

different vectors to a plant population’s seed dispersal is

available in the literature. However, as densities of large

mammalian herbivores have become very low in many parts

of Europe (Ozinga et al., 2009) they will probably only trans-

port small fractions of overall seed production on average.

We implemented this reasoning in our model by assuming

that 1% of each local population’s seed yield will be dis-

persed by each of the animal kernels and 98% by wind.

Dispersal kernels were projected onto the two-dimensional

raster of sites by assuming that the source site is spatially

homogeneously populated and that seeds may land at any

location of the recipient site. Computationally, this has been

realized by way of n-by-n meshes of points in source and

recipient sites, with n chosen sufficiently large to minimize

discretization errors. Finally, the calculated number of seeds

landing at each recipient site was stochastically modified by

drawing random numbers from a Poisson distribution with

the rate of this distribution for a specific site equal to the

number of seeds predicted to arrive at this site from all pos-

sible source sites according to the three dispersal kernels.

Hypothetical species

Our 16 hypothetical species are characterized by specific

combinations of traits relevant for the demographic and dis-

persal (sub)models. With respect to demographic traits, we

distinguished two broadly defined types of forest understorey

herbs: A – strongly clonally growing, often abundant species

such as Mercurialis perennis L., Galium odoratum (L.) Scop.,

or Asarum europaeum L.; and B – species with less pro-

nounced clonality, which often are less frequent such as

Lathyrus niger (L.) Bernh., Campanula trachelium L. or

Phyteuma spicatum L. For these two types, we varied clonal

growth rate, flowering frequency, seed yield, germination rate

and carrying capacity. We thereby assumed a certain trade-

off between clonal and sexual reproduction, that is stronger

clonality was combined with lower levels of seed production

and germination. Quantitative values of these rates, as well

as of those additionally used in the model but not differenti-

ated among the two types, were taken from the literature

and from online trait databases, supplemented by own esti-

mates in some cases. All values and their sources are listed in

Table 1.

For each dispersal mode (wind, exo- and endozoochory),

we assigned the hypothetical species either high or low values

of those traits that the respective dispersal models use to cal-

culate dispersal kernels: seed-release height and seed terminal

velocity (for wind dispersal), seed mass and seed surface

structure (combined to attachment potential to animal furs;

for exozoochorous dispersal), and seed mass (determining

gut survival probability; for endozoochorous dispersal). High

and low trait values were derived from ‘model species’ (see

Table 1). Finally, we combined the 2³ possible combinations

of dispersal types (‘high’ and ‘low’ for three different disper-

sal vectors) with the two demographic types to an array of

16 hypothetical understorey herbs (Table 1).

Forest cover

The maps of current forest cover (pooled for all forest types,

grid resolution: 250 m) was based on CORINE 2000 land

cover, complemented by data for Switzerland and Norway

(Mucher et al., 2009). Projections of future forest distribu-

tion for the year 2080 were derived from the ALARM land

cover scenarios (Settele et al., 2005; Spangenberg et al., 2012)

SEDG (Sustainable European Development Goal), BAMBU

(Business-As-Might-Be-Usual) and GRAS (Growth Applied

Strategy). These scenarios are considered equivalent to the

SRES-scenarios B1 (associated with moderate warming), A2

(intermediate warming) and A1FI (pronounced warming, cf.

IPCC Working Group I (2001)). Predicted changes to land

use patterns are mainly driven by economic dynamics and

land use policies expected under the storylines of these sce-

narios with little direct effects of climate or CO2 concentra-

tions (e.g. Ewert et al., 2005). They hence still represent

useful assumptions of future European land cover patterns

even if the associated climate predictions do not represent

the latest development in the climate-modelling field. More

details on these scenarios are given in Appendix S1 in the

Supporting Information. The corresponding land cover maps

were originally provided at a resolution of ~20 km and were

subsequently downscaled to a 250-m raster (Dendoncker

et al., 2006).

Simulation runs

To assess possible migration rates of European understorey

herbs under optimal, unfragmented conditions, we simulated

the spread of the 16 hypothetical species through a virtual

forest landscape of 50 9 50 km, subdivided into 40.000 sites

Table 2 Means, 0.99 and 0.999-quantiles (in m) of the six

different dispersal kernels used for modelling the migration of

hypothetical species. High and low define hypothetical species

with high or low dispersal capacities with respect to wind,

exozoochorous and endozoochorous dispersal pathways,

respectively.

Mean 0.99 0.999

Wind high 67 324 603

Wind low 0.28 0.84 1.33

Exzoochorous high 751 2850 4400

Exozoochorous low 331 1330 1990

Endozoochorous high 794 2450 2827

Endozoochorous low 5 14 17

Diversity and Distributions, 21, 1375–1387, ª 2015 John Wiley & Sons Ltd. 1379
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of 250 9 250 m. To mimic a range-margin situation, where

abundance of species is usually low, we assumed one initial

source population at half carrying capacity at a randomly

chosen site at the lower margin of the respective region. Sim-

ulations were stopped when the migrating species first colo-

nized a site beyond 40 km from the lower margin of the

50 9 50 km region, but after 200 years at the latest. The

migration rate was then calculated by dividing the distance

between initial and furthest-forward populations by the

number of simulation years. Simulation runs were repeated

100 times for each hypothetical species.

For simulations in real European landscapes, the 250-m

resolution forest maps were overlain with a 50 9 50 km

grid. From the resulting 2274 50 9 50 km regions, simula-

tions were carried out for the 1179 purely terrestrial ones in

the same way as performed for the virtual, unfragmented

forest landscape (but with only 10 repetitions per species).

We did no simulations for regions partly covering sea sur-

faces to avoid an artificial lowering of migration rates caused

by the (inevitably) arbitrary positioning of the 50 9 50 km

raster. For coastal regions, we instead interpolated the mean

simulated migration rates of the (up to 8) surrounding ter-

restrial regions for mapping simulation results, while 470

regions which did not have any purely terrestrial neighbour

region were excluded from both analyses and maps.

RESULTS

Simulations in the continuously forested landscape resulted

in a median migration rate of about 200 m/y across all 16

hypothetical species (Fig. 1a). Demographic and dispersal

trait combinations modified this rate considerably. Simulated

migration rate was most sensitive to variation in parameters

conferring adaptation to endozoochorous dispersal, and least

sensitive to those varying wind dispersal capacity (Fig. S5),

whereas variation in exozoochorous dispersal ability and of

the demographic type had intermediate and approximately

equal effects. Overall, species adapted to endozoochorous

dispersal (high gut survival probability) were simulated to

spread more than twice as fast (median ~ 225 m/y) as spe-

cies without adaptations to animal dispersal vectors (median

~ 95 m/y, Fig. 1b). Nevertheless, all of these rates are lower

than the climate velocities calculated by Loarie et al. (2009)

for the main biomes represented in Europe (geometric

means of 430, 350 and 260 m/y for boreal, temperate broad-

leaf/mixed and Mediterranean forests, respectively, under the

‘mean’ A1B emission scenario, see lines in Fig. 1).

The current fragmentation of European forests lowered

migration rates significantly compared to those achieved in

the virtual unfragmented forest landscape (Fig. 2a). Averaged

over all regions and hypothetical species, the simulated

migration rate was about 68% of that reached in the contin-

uous forest. Migration rates did not, however, decelerate lin-

early with forest cover. Instead, slowing was moderate first,

but started to decrease more sharply below about 30–40% of

forest cover in a region (Fig. 2b). As a corollary, simulated

migration rates remained at relatively high values in

most parts of central Europe and in particular in Scandinavia

where forests still dominate much of the landscapes

(Fig. 3a,b). By contrast, migration rates dropped to below

25% of those achieved in an unfragmented region in largely

deforested regions of Europe such as the British Isles, the

Benelux countries, the northern and western parts of France,

or the Iberian Peninsula. Moreover, fragmentation effects

were more pronounced for less mobile species, resulting in

migration rates <25 m/y for the least mobile species in many

parts of southern and north-western Europe, in particular

(Fig. 3c,d).

Expected changes under projected land cover at 2080 dif-

fered among scenarios. Under both a Business-As-Might-Be-

Usual (BAMBU; corresponding to SRES scenario A2) and a

strong economic growth scenario (GRAS; corresponding to

A1FI) an increase of forest cover is predicted in the eastern-

most parts of the study area (Hungary, Poland, Lithuania in

particular). Consequently, forest fragmentation is reduced

and simulated migration rates of understorey herbs increased

in these regions (Fig. 4a,b). Conversely, BAMBU as well as

the sustainable scenario (SEDG; corresponding to B1)

assume denser forests in parts of Southern Europe by 2080,

particularly on the Iberian Peninsula, resulting in a similar

increase in regional migration rates (Fig. 4a,c). No scenario
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Figure 1 Simulated migration rates of hypothetical plant

species through a virtual continuous forest. In (a) the boxplot

represents the pooled results of 100 replicate runs for each of

the 16 hypothetical understorey species. In (b) each boxplot

integrates over four hypothetical species (two demographic types

* high and low wind dispersal trait values, respectively) grouped

into those having high or low endo- (upper label), and high or

low exozoochorous (lower label) dispersal trait values. The

dotted, dashed and solid lines indicate geometric means of

climate velocities in the boreal, temperate and Mediterranean

biomes, respectively, as calculated by Loarie et al. (2009).
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has a pronounced trend in projected forest cover for major

parts of western and central Europe and the simulations thus

produced a spatial mosaic of minor to moderate increase

and some decrease in understorey plant migration rate

(Fig. 4). Averaged across the whole study area, however, all

future scenarios assume a moderately denser forest cover

resulting in a moderate increase of average simulated migra-

tion rates (Fig. 5).

DISCUSSION

The rapid climate alterations predicted for the upcoming

decades call for assessments of spread capacity to evaluate

the risks to species and populations. Nevertheless, few studies

have so far applied models that explicitly represent plant

migration processes at larger scales, and those which have

nearly exclusively focused on a small subset of plant diver-

sity, particularly on trees (e.g. Nathan et al., 2011; Meier

et al., 2012). Our study goes beyond common practice using

a modelling approach which captures the demographic and

dispersal processes involved in plant migration at a relatively

detailed level, and by applying it to a group of species that

represents a much larger fraction of (temperate) plant diver-

sity (Gilliam, 2007) at a continental scale. The results suggest

that the majority of understorey herbs would be unable to

keep pace with projected climate warming even on a contin-

uously afforested continent, with the expected migration lag

depending on species’ traits. Under current and possible

future fragmentation of European forests understorey, plant

migration rates are further reduced, although with consider-

able inter-regional disparity.

Among the traits analysed, adaptation to different disper-

sal vectors had a particularly strong effect on migration rates.

Species without efficient adaptation to dispersal by wide-

ranging herbivores are simulated several times slower than

expected climate velocities (Loarie et al., 2009) even in con-

tinuous habitats. Indeed, many forest herbs of temperate

regions have relatively heavy seeds (i.e. low gut survival

probability) with smooth surfaces (i.e. low fur attachment

potential) and actually are primarily dispersed by ants (Howe

& Smallwood, 1982), a vector of negligible long-distance dis-

persal capacity (Cain et al., 1998). This large group of species

might be among those least capable of rapid range adapta-

tions, although morphological dispersal syndromes do not

necessarily preclude occasional transport by other vectors

(e.g. Vellend et al., 2003). The dependence of faster migra-

tion of forest herbs on wide-ranging animal vectors raises an

additional concern: the availability of such vectors has
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Figure 2 Simulated migration rates of understorey herbs under current European forest cover as a proportion of the rate in a virtual

continuous forest. In (a) boxplots represent values from all 1179 purely terrestrial 50 9 50 km regions for the least (grey) and most

(white) mobile hypothetical species, respectively. In (b) black and grey dots represent regionwise simulation results as a function of

percent forest cover for the most and the least mobile of all 16 hypothetical species, respectively.
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obviously decreased during the 20th century in many parts

of Europe with already detectable cascading effects on the

abundance and distribution of those plant species which

depend on their dispersal service (Ozinga et al., 2009). If this

effective long-distance dispersal infrastructure continues to

decline, potential migration rates will further decrease.

0° 10°E 20°E

30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E

40°N

50°N

60°N

40°N

50°N

60°N

0° 10°E 20°E

30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E

40°N

50°N

60°N

40°N

50°N

60°N

0 to 25 %

25 to 50 %

50 to 75 %

75 to 100 %

0° 10°E 20°E

30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E

40°N

50°N

60°N

40°N

50°N

60°N

0 to 25 %

25 to 50 %

50 to 75 %

75 to 100 %

0° 10°E 20°E

30°W 20°W 10°W 0° 10°E 20°E 30°E 40°E

40°N

50°N

60°N

40°N

50°N

60°N

0 to 25 %

25 to 50 %

50 to 75 %

75 to 100 %

(a) (b)

(c) (d)

Figure 3 (a) Map of current forest cover in the study area. In (b-d) each grid cell corresponds to a 50 9 50 km region. The colour

shades represent simulated migration rates of understorey herbs under current forest cover as a proportion of the migration rate

achieved in a continuous forest, averaged over all 16 hypothetical species (b); and for the least (c) and most (d) mobile species,

respectively.
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Under current and possible future fragmentation of Euro-

pean forests, simulated migration rates are approximately

two-third of those in continuous forests. This difference

appears rather moderate on average, that is across all

hypothetical species and regions, but it strongly depends on

the remaining forest cover and on species traits. In general,

our simulations suggest that the spatial pattern of current

European forest fragmentation might well contribute to
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Figure 4 Changes in migration rates of understorey herbs under projected future forest cover in Europe. Values are deviations from

those simulated under current forest cover for the Business-as-might-be-Usual scenario (a), the Growth-Applied-Strategy liberalization

scenario (b), and the sustainability-oriented Sustainable European Development Goal scenario (c), respectively. For details on the

scenarios, see Appendix S1.
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explaining the high variation in reported recent range adap-

tation rates (Chen et al., 2011). For example, Bertrand et al.

(2011) reported a pronounced inertia of forest species com-

position in lowland forests of France despite a distinct warm-

ing since the mid 1980s, and, actually, the northern and

western French lowlands are a region for which our model

predicts strong fragmentation-driven reduction of potential

migration rates. For the less mobile species in particular,

considerable parts of southern and western Europe actually

become nearly impermeable, with simulated migration rates

at least an order of magnitude lower than required to track

the changing climate (i.e. <25 m/y). The resulting disequilib-

rium between the species’ distribution and their climatic

requirements may decrease local and regional populations or

even drive them to extinction, especially at trailing edges

(Hampe & Petit 2005), with no appropriate compensation

by population establishment at expanding range margins.

Although forest-floor microclimate has been shown to poten-

tially buffer macroclimatic warming, such buffering depends

on canopies becoming denser as in case of secondary forest

succession (De Frenne et al., 2013). However, as canopy trees

themselves may start to suffer from the changing climate,

canopy opening rather than closure may be expected in

many forests. The consequent loss of microclimatic shading

effects will probably reinforce the decline of understorey

species adapted to cooler conditions (De Frenne et al.,

2013).

Future land cover scenarios predict a slight increase in

European forest cover which is mainly driven by expected

rural depopulation and agricultural abandonment, and sub-

sequent secondary forest succession and/or afforestation in

economically marginal areas (Spangenberg et al., 2012). As a

consequence, the most sustainable scenario, SEDG, seems to

improve migration opportunities for forest understorey herbs

the least. In this scenario, the area devoted to agricultural

production is larger, and hence reforestation less pro-

nounced, due to lower levels of agricultural intensification.

This result does, however, not necessarily imply that the

more growth oriented scenarios will be more beneficial to

the survival of forest understorey plants under climate warm-

ing. First, economically oriented tree plantations often create

forest structures different from natural ones which are less or

even not suitable to part of the understorey species pool

(Ellenberg, 2009). Second, a generally more sustainable devel-

opment will reduce the magnitude of climate warming and

hence the necessary migration rate, or at least the distance

required to follow the shifting climatic conditions (Loarie

et al., 2009). Third, a more sustainable agricultural develop-

ment, like the one underlying the SEDG scenario, might also

favour the conservation or re-establishment of the large-

herbivore dispersal infrastructure, a fact that would further

compensate for the negative effects that the somewhat lower

reforestation rates under this scenario may have on forest

plant migration rate. Finally, forest understorey herbs only

represent part of the overall plant diversity, and species

bound to other habitats, like semi-natural grasslands or agri-

cultural fields, will additionally profit from less intensified

land use regimes.

Despite our efforts to incorporate mechanistic detail and

find sensible parameter values, the simulation model used is

still based on a number of process simplifications and, due

to limited empirical data, poorly quantified parameters. We

hence aimed to provide a range of potential plant migration

rates by varying relevant trait combinations within wide lim-

its and to generally calculate conservative estimates of migra-

tion rates, that is such that should be at the upper bound of

those achievable. For this latter reason, we assumed constant

optimal abiotic conditions at all (forest) sites and hence fast

local growth of colonizing populations, which thus rapidly

become strong seed sources for further migration (cf. Harsch

et al., 2014). Moreover, we did not account for negative bio-

tic interactions such as interspecific competition or herbivory

that might decrease migration rates (Vellend et al., 2006;

Meier et al., 2012). Finally, we selected parameters of disper-

sal kernels such that they rather overestimate than underesti-

mate kernel widths. On the other hand, we did not include

some additional dispersal vectors that are probably of rele-

vance for at least some forest understorey herbs and which

could potentially enhance plant spread rates, namely disper-

sal by birds and humans. In addition, we did not account

for small-scale forest remnants or forest-like structures like

hedgerows, which might facilitate forest plant migration in

fragmented landscapes by providing stepping stones or

migration corridors (Wehling & Diekmann 2009). Neverthe-

less, the few empirical data on recent migration rates of non-

tree (vascular) plants consistently report values that are con-

siderably lower than those calculated here (Van Der Veken
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et al., 2007; Svenning & Sandel, 2013). Higher spread rates

than those we have simulated have only been reconstructed

from palaeodata, but these rates are now mostly considered

overestimates (Svenning & Sandel, 2013). Even for trees,

recent modelling attempts have suggested that migration

rates >200 m/y are likely exceptional (Nathan et al., 2011;

Meier et al., 2012). We are hence confident that the rates

calculated here actually represent upper bounds of those

achievable by forest understorey herbs.

CONCLUSIONS

Overall, our results suggest that most forest understorey

plants in Europe would not be able to track 21st century cli-

mate warming even on a continuously forested continent

and that habitat fragmentation will likely reinforce migration

lags considerably in many regions. Fragmentation hence

amplifies climatic threats to understorey plants – which con-

tain the big part of forest plant diversity in temperate regions

(Gilliam, 2007) – by slowing the process of range adaptation

and thus protracting the transient disequilibrium between

the distribution of species and the climatic conditions they

are adapted to. In particular, fragmentation may result in a

‘squeezing’ of species between (nearly) stationary leading and

retreating trailing range margins. Under a shifting climate,

concentrating conservation efforts on protected areas will

hence likely be insufficient to avoid biodiversity loss. What is

required in addition is management of the non-protected

‘average’ countryside in a way that facilitates movement of

species by reducing habitat fragmentation and restoring effi-

cient dispersal infrastructures.
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2008.
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assumed to be either well (“high”, seed release height: 0:8 m,

seed terminal velocity: 0:14 m/s, red) or not adapted (“low”,

seed release height: 0:1 m, seed terminal velocity: 4:1 m/s,

blue) to this dispersal vector.
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